The Ming's Bight Group of northwestern Newfoundland, an outlier of Humber Zone continental margin rocks, is entirely surrounded by ophiolitic rocks of the Dunnage Zone. Structures in the Ming's Bight Group and adjacent units record three main phases of deformation. The earliest structures relate to Silurian sinistral transpression previously documented in the region. Two later phases of extensional deformation produced a series of dextral obliquenormal shear zones and faults that now separate the Ming's Bight Group in the footwall from ophiolitic and granitoid rocks in the hangingwall. 40 Ar/ 39 Ar and U-Pb data constrain the times of oblique-normal shear and cooling. Metagabbro in the Point Rousse Ophiolite Complex, which lies in the hangingwall, preserves disturbed Ordovician hornblende 40 Ar/ 39 Ar ages, whereas adjacent shear zones record Devonian ages. Hornblendes in Pacquet Harbour Group amphibolites within extensional shear zones mainly record 40 Ar/ 39 Ar ages of 390-380 Ma. Synkinematic titanite and rutile porphyroblasts from an extensional shear zone on the northwestern margin of the Ming's Bight Group have been dated by the U-Pb method at 388 and 380 Ma, interpreted as growth and cooling ages, respectively. The titanite and hornblende ages suggest that the main phase of ductile oblique-normal shear was underway at 405-385 Ma. Ming's Bight Group schists and pegmatites produced concordant muscovite 40 Ar/ 39 Ar ages averaging 362 Ma, interpreted as the time of footwall cooling below 350ЊC. We suggest that the Ming's Bight Group is a mid-Devonian symmetrical core complex formed within a local transtensional regime developed during dextral oblique transcurrent movement along the Baie Verte Line. The timing and tectonic setting of extension do not support recent models for "extensional collapse" in the northern Appalachians.
Introduction
Although the Paleozoic history of the northern Appalachians has generally been interpreted in terms of collisional tectonics (e.g., Williams 1979; van Staal et al. 1998 and references therein), there is growing recognition that extension also played an important role in the evolution of the orogen (e.g., Cawood et al. 1995; Malo and Kirkwood 1995; van Staal and de Roo 1995; O'Brien 1998) . Evidence for extension includes the widespread preservation of early to mid-Paleozoic low-grade rocks in central Newfoundland, normal or oblique-normal kinematics on some faults and shear zones, locally abrupt transitions from low-grade to high-grade rocks, thermochronological data indicating rapid Hibbard 1983) . Location of Baie Verte Line after Miller and Wiseman (1994) ; Baie Verte Flexure after Hibbard (1982) ;
Water Pond Group. Inset shows the lithotectonic zones defined in Newfoundland (Colman-FWP p Flat Sadd et al. 1990):
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Regional Geological Setting
The Ming's Bight Group is a sequence of semipelitic to psammitic schists correlated (Hibbard 1983 and references therein) with late Proterozoic to early Paleozoic metaclastic rocks of the Fleur de Lys Supergroup ( fig. 1 ). Collectively, these rocks are interpreted as remnants of the early Paleozoic rifted continental margin of Laurentia (Humber Zone), deformed and metamorphosed during Ordovician to Silurian accretion of volcanic arc (Dunnage Zone) and continental (Avalon Zone) terranes during the Taconian and Salinian orogenies (e.g., Williams 1979; Dunning et al. 1990; Cawood et al. 1996; Waldron et al. 1998 ). The Humber-Dunnage boundary in western Newfoundland is represented by the Baie Verte Line ( fig. 1 ; Williams and St-Julien 1982) , a steep fault zone marked by disrupted ophiolite complexes that records a complex history of oblique transcurrent deformation (e.g., Hibbard 1983; Goodwin and Williams 1990; Bé langer et al. 1996) . The position of the Ming's Bight Group requires explanation because these Humber Zone rocks are now on the "wrong side" of the Baie Verte Line (fig. 1) .
Rocks on the Baie Verte Peninsula experienced a complex Ordovican to Silurian structural and metamorphic history. West of the Baie Verte Line, Late Ordovician burial and rapid Silurian exhumation of continental margin deposits produced eclogite and amphibolite facies metamorphism (Jamieson 1990; Cawood et al. 1994; Waldron et al. 1998 ) accompanied by polyphase deformation that included southwest-directed thrusting and both sinistral and dextral ductile shear zones (Bursnall and de Wit 1975; Piasecki 1988; Goodwin and Williams 1990) . East of the Baie Verte Line, Early Ordovician ophiolites and related island arc complexes (e.g., Kidd et al. 1978) formed above an east-dipping subduction zone proximal to the Laurentian margin (e.g., Williams et al. 1988 ; van Staal et al. 1998) . Obduction of ophiolite and other allochthonous rocks accompanied arc-continent collision during the Ordovician Taconian orogeny (Stevens 1970; Williams 1979) , although the timing of this event is somewhat controversial. Rocks in southwestern Newfoundland record Early Ordovician arc-continent collision (van Staal et al. 1998 ), but the Anticosti foreland basin does not record subsidence related to this event until Late Ordovician time (Waldron et al. 1998) . It therefore seems likely that Taconian arc-continent collision was diachronous and that parts of the Laurentian margin that were originally widely separated were juxtaposed by transcurrent displacement. Ordovician arc accretion was followed by intrusion of voluminous Silurian plutons (Dunning et al. 1990; Cawood and Dunning 1993) . Mid-Paleozoic oblique transcurrent deformation affected both Humber and Dunnage Zone rocks and led to protracted, polyphase deformation along the Baie Verte Line.
The role of the Ming's Bight Group within this tectonic framework has never been clear. To account for the anomalous position of these Humber Zone rocks, Hibbard (1982) suggested that the Baie Verte Line was deflected to the south of the Ming's Bight Group along the "Baie Verte Flexure" (fig. 1) and that intrusion of the Dunamagon Granite, then thought to be Ordovician, marked the end of movement on this part of the Baie Verte Line. Based on Devonian-Carboniferous 40 Ar/ 39 Ar ages from the Ming's Bight Group and adjacent units, Dallmeyer and Hibbard (1984) suggested that the northeastern Baie Verte Peninsula was affected by an episode of Acadian shortening not seen elsewhere in the region. It has since been recognized that the Dunamagon granite is Silurian ( Ma, U-Pb zircon; 429 ‫ע‬ 4 Cawood and Dunning 1993) and that its contact with the Ming's Bight Group is tectonic rather than intrusive (McDonald 1993) . These observations require reassessment of the structural and stratigraphic relationships between the Ming's Bight Group, Dunamagon Granite, and adjacent arcrelated and ophiolitic rocks of the Pacquet Harbour Group and Point Rousse Ophiolite Complex (figs. 1, 2). Ma (U-Pb on hy-420 ‫ע‬ 5 drothermal zircon; Ramezani 1992) , and D 1 is inferred to have taken place during a regional phase of Late Silurian sinistral transpression . Many of the early structures associated with shortening have been described elsewhere (e.g., Kirkwood and Dubé 1992; Ramezani 1992; Dubé et al. 1993) ; however, extensional structures assigned to D 2 and D 3 have not been documented previously. They are particularly well exposed in the Pacquet Harbour and Ming's Tickle areas on the southeast and northwest margins of the Ming's Bight Group (figs. 3, 4) .
Shear Zones Bounding the Ming's Bight Group
Southeast Margin of the Ming's Bight Group. D 2 structures are regionally developed in the southeastern Ming's Bight Group, Dunamagon Granite, and Pacquet Harbour Group and dominate within the ca. 400-m-thick southeast-dipping Woodstock Shear Zone ( fig. 3 ), which trends parallel to the northwest contact of the Cape Brule Porphyry. In Ming's Bight Group schist in the footwall of this shear zone, the S 2 foliation is typically a differentiated crenulation cleavage formed by transposition of S 1 . In general, the S 2 foliation intensifies toward the southeast, forming a penetrative mylonitic foliation in the Pacquet Harbour Group and the southern part of the Dunamagon Granite. Immediately west of the Cape Brule Porphyry, mylonitic amphibolites derived from Pacquet Harbour Group volcanic rocks contain a penetrative S 2 fabric defined by biotite and hornblende porphyroblasts, recrystallized quartz-rich bands, and a pronounced compositional banding. In thin section, well-equilibrated textures and sigmoidal inclusion trails in garnet, staurolite, and hornblende porphyroblasts A locally developed, southeast-plunging, L 2 mineral lineation is defined by the preferred orientation of hornblende porphyroblasts, broadly parallel to an L 2 stretching lineation defined by clasts in volcanic breccia and conglomerate in the Pacquet Harbour Group and by K-feldspar augen and mafic xenoliths in the Dunamagon Granite. The S 2 fabric is axial planar to open to isoclinal, reclined, southeastplunging F 2 folds with wavelengths ranging from !1 cm to ca. 500 m. In the higher structural levels of the Woodstock Shear Zone, rootless, intrafolial F 2 folds verge southwest. Their axes are generally subparallel to L 2 and in many locations define sheath and tubular folds with bisectors subparallel to L 2 . D 2 shear-sense indicators, including j-porphyroclast systems, S-C fabrics, shear bands, and en-echelon sigmoidal tension gashes, consistently indicate normal-sense noncoaxial shear with topside down to the southeast. D 3 structures are associated with the ca. 200-mthick Big Brook Shear Zone developed in the Ming's Bight Group and Pacquet Harbour Group along the northern contact of the Dunamagon Granite ( fig.  3 ). The south-dipping S 3 foliation is defined by a preferred orientation of biotite and chlorite and contains a rare, southeast-plunging biotite mineral lineation. Mineral assemblages and textures associated with the S 3 -L 3 fabrics indicate greenschist facies conditions during D 3 . In places, S 3 is associated with 1-5-m-thick zones of mylonite; in other places it is a discrete, widely spaced, extensional crenulation cleavage formed by transposition of S 1 and S 2 ( fig. 5a ). Shear bands consistently indicate normal-sense noncoaxial shear.
In the footwall of the Big Brook Shear Zone, the Ming's Bight Group is intruded by a suite of granitic pegmatite dikes, 1-15 m thick, that dip steeply to the northwest and southeast and can be traced for up to 500 m along strike. They are typically oriented nearly orthogonal to L 2 , although they consistently cut D 2 structures. Pegmatite dikes near the Big Brook Shear Zone locally contain a spaced fabric defined by fine-to coarse-grained muscovite folia that anastomose around K-feldspar phenocrysts. This fabric is continuous with S 3 in the country rock and is therefore ascribed to D 3 . These relationships indicate pegmatite intrusion after D 2 but before the end of D 3 , and dike orientations are consistent with intrusion into an extensional stress regime (i.e., subvertical j 1 , subhorizontal j 3 ).
Northwest Margin of the Ming's Bight Group.
Along the east side of Ming's Bight, D 2 structures are associated with the Grand Toss Cove Shear Zone ( fig. 4 ) that generally separates Point Rousse Ophiolite Complex in the hangingwall from Ming's Bight Group in the footwall (although the hangingwall structure is more complex in detail). In Grand Toss Cove, the shear zone is 200-300 m thick and is characterized by 5-10-m-thick mylonite zones, preferentially developed in semipelitic schist, that anastomose around disrupted pods of massive psammite. The mylonitic S 2 foliation dips shallowly west and is defined by foliated muscovite, biotite, and quartz ribbons that wrap around subhedral plagioclase porphyroblasts. S-C fabrics ( fig. 5b ), shear bands, and mica fish consistently indicate dextral shear. The intersection lineation between the S-planes, C-planes, and shear bands plunges shallowly to the west, indicating a component of strike-slip shear. The S 2 foliation is axial planar to open to isoclinal, reclined, west-plunging F 2 folds that mainly verge north. Typically, the S-planes of the S-C fab-rics are parallel to the F 2 axial planes, and the F 2 hinge lines are subparallel to the S-C intersection lineation, consistent with folding during shear within the Grand Toss Cove Shear Zone. Outside the shear zone, S 2 typically forms a spaced crenulation cleavage that is axial planar to open to isoclinal, reclined F 2 folds that plunge shallowly to the west. These folds are common in the Ming's Bight Group and are locally present in the Point Rousse Ophiolite Complex. D 3 shear zones are well exposed along the coast of Ming's Bight between Caplin Cove and Ming's Tickle ( fig. 4 ) but sparsely developed farther south. They are generally 5-20 m wide and dip moderately to shallowly southwest and northwest. Along shear-zone margins, D 3 fabrics transpose D 1 -D 2 structures in rocks of the Ming's Bight Group and Point Rousse Ophiolite Complex. D 3 shear zones typically contain a semipenetrative mylonitic S 3 foliation transitional into a 5-10-m-thick central zone of penetrative S-C mylonite. S 3 is defined by biotite and chlorite, with muscovite in Ming's Bight Group schist and hornblende in mafic rocks of the Point Rousse Ophiolite Complex. Quartzrich domains in these mylonites contain welldeveloped polycrystalline ribbon textures and a strong crystallographic preferred orientation.
S 3 locally contains a mineral lineation defined by chlorite and hornblende, roughly parallel to a stretching lineation defined by quartz-filled strain shadows. In many places, hornblende porphyroblasts are randomly oriented within and across the S-C fabric, suggesting hornblende growth after D 3 shear. Shear-sense indicators, including S-C fabrics, shear bands ( fig. 5c ), mica fish, j-porphyroclasts, and quartz-filled tension gashes, indicate dextralnormal oblique shear. In the Northern Ming's Several D 3 shear zones contain discrete, generally 2-5-m-thick zones of chlorite schist that overprint earlier, mylonitic S 3 fabrics. They contain penetrative S-C fabrics and abundant fault-fill and brecciatype quartz veins in their central portions ( fig. 5d ). A gradational contact is locally preserved between chlorite schist and adjacent mylonite, and S-C fabrics in both schist and mylonite record the same sense of movement. The chlorite schist is interpreted to have formed by hydrothermal alteration and recrystallization of mylonite during a later increment of D 3 shear. In the Northern Ming's Tickle Shear Zone, the gradational contact between schist and mylonite locally contains coarse-grained rutile and titanite porphyroblasts that overgrow an earlier mylonitic fabric but are wrapped around by the S 3 chlorite foliation.
The final increment of D 3 deformation produced narrow (!2 m), brittle-ductile, high-angle dextralnormal faults with local zones of cataclasite and fault breccia. Thick cataclasite zones in parts of the Grand Toss Cove Shear Zone probably formed during this late D 3 faulting.
40

Ar/ 39 Ar Results
Samples of hornblende and muscovite from the Point Rousse Ophiolite Complex, Pacquet Harbour Group, Dunamagon Granite, and Ming's Bight Group were dated by the conventional 40 Ar/ 39 Ar method. Analytical methods are described in Hicks et al. (1999) ; the flux monitor was hornblende standard MMhb-1 (assumed age Ma; Samson 520 ‫ע‬ 2 and Alexander 1987). Sample locations and results are summarized in figure 6, and the 40 Ar/ 39 Ar age spectrum plots are shown in figures 7 and 8 (complete data are available from coauthor P. H. Reynolds upon request). Unless stated otherwise, the mainly mid-to Late Devonian (Tucker et al. 1998) ages reported below are given with their 2j uncertainties. suggest that amphibolite mylonite (93-62H) developed from metagabbro (93-61H). Hornblende in the mylonite is medium-grained, locally poikiloblastic, and defines a strong foliation and weak lineation. Hornblende in the metagabbro, inferred to have replaced original pyroxene, is coarse-grained, randomly oriented, and highly poikiloblastic. The third sample (92-205H) is from polydeformed amphibolite, locally gradational into metagabbro, that contains a penetrative D 1 mylonitic fabric overprinted by D 2 -D 3 structures. It contains weakly strained, fine-to coarse-grained, acicular hornblende that overgrows S 1 but is commonly parallel to the axial planes of F 2 -F 3 crenulations.
Metagabbro (93-61H) and mylonite (93-62H) spectra are both highly discordant ( fig. 7a ), with lower temperature steps yielding Devonian apparent ages (≤400 Ma), higher temperature steps yielding Ordovician apparent ages (≥470 Ma), and an irregular pattern of intermediate ages at intermediate temperatures. The final 70% of gas released from metagabbro (93-61H) has an average age of Ma, which is older than most of the ages 474 ‫ע‬ 6 from the mylonite. The sample produced a relatively narrow range of 37 Ar/ 39 Ar ratios over the final ∼90% of gas release, consistent with the range of Ca/K ratios determined from microprobe data ( fig.  7a ). Isotopic data from the metagabbro appear uncorrelated and provide no useful age estimate. In contrast, mylonite sample 93-62H yielded more variable 37 Ar/ 39 Ar ratios, generally lower than those inferred from measured Ca/K ( fig. 7a ), suggesting 4 ). Hornblende in both samples forms fine-to medium-grained, idioblastic to xenoblastic, relatively strain-free grains locally intergrown with actinolite. Sample 93-92H, from a fault-bounded amphibolite sliver surrounded by Ming's Bight Group schist, is interpreted as a tectonic enclave of Pacquet Harbour Group emplaced along a D 1 transpres-sional shear zone . In this sample, an early generation of twinned, variably poikiloblastic, equant hornblende grains is surrounded by finer-grained recrystallized hornblende; the coarser-grained population was selected for analysis. Hornblende in samples 93-92H and 93-38H defines a strong foliation (S 1 ) and a prominent lineation (L 1 ); hornblende in sample 94-17H is parallel to S 2 .
The spectra obtained from samples 93-38H and 93-92H are very similar ( fig. 7b ), with mean ages of Ma, corresponding to release tempera-386 ‫ע‬ 3 tures of 900Њ-1200ЊC, and Ma, correspond-388 ‫ע‬ 9 ing to release temperatures of 950Њ-1250ЊC, respectively. Apparent ages increase in a fairly regular fashion from ∼375 Ma to ∼400 Ma over the bulk of the gas release. We interpret the observed gradients to have resulted from phase changes and argon isotope redistribution during vacuum heating (e.g., Lee et al. 1991 ) rather than reflecting the thermal history of the rocks. The corresponding isotope correlation ages are within the range 375-400 Ma, but in neither case is the statistical fit of points to line satisfactory. Sample 94-17H yielded relatively low amounts of 39 Ar, resulting in a poorly defined spectrum ( fig. 7b) . A plateau comprising the final ∼70% of gas release, but dominated by large steps at 1025Њ-1050ЊC and 1250ЊC, has an age of 374 ‫ע‬ Ma. Isotope correlation analysis yielded an ac-18 ceptable isochron with an age of Ma. 37 Ar/ 382 ‫ע‬ 5 39 Ar ratios for all three samples are variable but generally consistent with measured Ca/K ratios.
Mafic Dikes. Sample 93-29H was collected from a strongly deformed mafic amphibolite dike within the Big Brook Shear Zone on the western shore of Pacquet Harbour (figs. 3, 6). Hornblende forms fineto coarse-grained, locally inclusion-rich, porphyroblasts that range from strongly aligned with S 2 and L 2 to randomly oriented. The age spectrum is dominated by one large and several smaller steps with ages in the range 376-380 Ma (fig. 7c ). Hornblende-derived gas, defined on the basis of 37 Ar/ 39 Ar ratio, has an average age of Ma. The cor-380 ‫ע‬ 8 responding isotope correlation age is Ma, 381 ‫ע‬ 4 but as expected from the number of small discordant steps, the fit of points to a line is not satisfactory.
Sample 92-41H was collected from an amphibolite-grade mafic dike cutting the Dunamagon Granite (figs. 3, 6). Hornblende in this sample is fine-to coarse-grained, variably recrystallized, moderately poikiloblastic, and intergrown with biotite along grain boundaries. The hornblende yielded a spectrum with an age gradient ranging 6 ). Strongly foliated, fine-to medium-grained, subhedral muscovite flakes and mica fish yielded an age of Ma, the youngest 40 Ar/ 39 Ar age in 356 ‫ע‬ 3 this study. Sample 92-132M is from muscovite-rich schist immediately adjacent to pegmatite at Red Point. The sample comprised nearly 100% coarsegrained, randomly oriented muscovite books that yielded an age of Ma ( fig. 8b ). 359 ‫ע‬ 3
U-Pb Results
Two samples from shear zones on the northwestern and southeastern boundaries of the Ming's Bight Group were dated by U-Pb thermal ionization mass spectrometry on hand-picked mineral separates. Sample locations are shown in figures 6 and 9, and the data are presented in figure 10 and table 2. Analytical methods are described in Dubé et al. (1996) . fig. 9a ) interpreted to have grown during hydrothermal alteration of Ming's Bight Group schist. The randomly oriented porphyroblasts overgrow an early mylonitic fabric (S 2 or early S 3 ) but are wrapped around by S 3 ; they are interpreted to have grown after D 2 and before or during the early stages of D 3 oblique-normal ductile shear.
The separated titanite is colorless to pale purple brown, clear to turbid, and consists of angular fragments, probably reflecting the large original grain size of the porphyroblasts. The two titanite fractions, T1 and T2 ( fig. 10a ), which contained 46 and 51 ppm U, respectively, yielded 206 Pb/ 238 U ages of 387-391 Ma and 207 Pb/ 235 U ages of 376-406 Ma (table 2). The large analytical error associated with T1 resulted from loss of the sample during the analysis. The large range in 207 Pb/ 235 U age is due to the uncertainty associated with the common Pb correction. The 206 Pb/ 238 U age of Ma, which is 388 ‫ע‬ 4 less affected by this correction, is taken to be the best estimate of the age of the titanite. The rutile is orange brown to deep red brown, clear to slightly turbid, and forms angular fragments or acicular striated crystals. Results from rutile fractions R1 and R2 overlap within error, with analysis R2 plotting on concordia (fig. 10a ). The 206 Pb/ 238 U and 207 Pb/ 235 U ages range from 380 to 384 Ma, consistent with an age of Ma. 380 ‫ע‬ 2 Pelee Point Pegmatite. The contact between the Ming's Bight and Pacquet Harbour Groups at Pelee Point is a complex ductile shear zone that is cut by variably deformed quartz veins and pegmatite dikes. The U-Pb sample was taken from a pegmatite cutting an F 2 fold of Ming's Bight Group schist on the northeastern side of Pelee Point (figs. 6, 9b), adjacent to the site of muscovite sample 94-55M. Although the pegmatite is postkinematic with respect to F 2 structures in the adjacent schist, feldspar phenocrysts with fractures, undulose extinction, subgrains, and bent twin planes indicate incipient recrystallization, probably at upper greenschist facies conditions. The only datable mineral recovered from the pegmatite was microlite, a Nb-Ta pyrochlore group mineral. Rounded inclusions of co-lumbite-tantalite in the microlite are consistent with typical parageneses in rare-element class pegmatites where microlite forms as a replacement product of primary Nb-Ta minerals by reaction with deuteric fluid during cooling (e.g., Cerný and Ercit 1989) . Numerous small (!1 mm) yellow crystals with good clarity and octahedral form, and lacking cracks, visible inclusions, or other inhomogeneities, were selected for analysis. All four analyses overlap concordia and each other (fig. 10b) Ramezani 1992) . We interpret the 40 Ar/ 39 Ar data to reflect overprinting of Ordovician crystallization ages during recrystallization in Devonian shear zones.
Amphibolite containing a penetrative D 1 fabric (92-205H) was juxtaposed with greenschist facies rocks before or during D 3 deformation and now lies in a small fault block in the hangingwall of the Grand Toss Cove Shear Zone (fig. 4) . The hornblende microstructure in this sample suggests post-D 1 growth. The 40 Ar/ 39 Ar age of Ma there-405 ‫ע‬ 8 fore places a lower limit on the age of D 1 sinistral-reverse deformation and may record either hornblende growth during, or cooling after, D 2 -D 3 dextral oblique-normal deformation.
U-Pb data from the Northern Ming's Tickle Shear Zone, one of a number of dextral-normal shear zones lying in the hangingwall of the Grand Toss Cove Shear Zone (fig. 4) , provide the best constraint on the age of D 2 -D 3 extensional deformation in the study area. Titanite and rutile porphyroblasts in chlorite schist postdate D 2 but pre-This content downloaded from 129.173.074.049 on February 11, 2016 11:21:53 AM All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c). (fig. 6 ). The older age is from a sample 362 ‫ע‬ 3 (92-102M) close to the fault and the other is from a sample (93-49M) at a deeper structural level. The youngest age obtained in this study, Ma, 356 ‫ע‬ 3 is from a deformed pegmatite (92-188M) that lies at an even deeper structural level beyond the im-mediate influence of the shear zone ( fig. 6 ). This trend of decreasing age with increasing structural depth is compatible with cooling following progressive unroofing of the western side of the Ming's Bight Group during D 2 -D 3 extension along the Grand Toss Cove Shear Zone.
In summary, D 1 sinistral-reverse deformation in the hangingwall of the Grand Toss Cove Shear Zone predated 405 Ma, oblique-normal D 2 ductile shear began before 388 Ma, and the latest increments of D 3 brittle-ductile movement postdated 388 Ma. Hornblende (388 Ma) and muscovite (368 Ma) from the footwall of the shear zone ( fig. 6 ) define a cooling curve segment with a cooling rate of about 9ЊC/m.yr. (fig. 11 ).
Big Brook Shear Zone. Field and microstructural observations indicate that the final stages of D 3 dextral oblique-normal deformation on the Big Brook Shear Zone postdated amphibolite facies metamorphism and high-temperature ductile shear at higher structural levels along the D 2 Woodstock Shear Zone ( fig. 3; table 1; Anderson 1998 ). All three hornblende ages from the region between the two shear zones overlap at about 380 Ma (fig. 6 ). Hornblende in samples 93-29H and 94-17H grew syn-to post-S 2 , and the onset of D 2 extension on the Woodstock Shear Zone must therefore have predated 380 Ma.
Amphibolite facies metamorphism accompanied the formation of D 2 extensional fabrics in both the Dunamagon Granite and a mafic dike cutting this pluton . A U-Pb titanite age of Ma from the pluton has been interpreted 386 ‫ע‬ 2 as the age of peak metamorphism (G. R. Dunning, unpub. data) and therefore also represents the age of D 2 deformation. We interpret the ca. 380-Ma Temperature-time plot for Ming's Bight Group and adjacent rocks. Age data from this study are shown by solid symbols: squares p hornblende; circles p muscovite; circles with crosses p pegmatite samples; triangles p U-Pb ages. Other data from Dallmeyer (1977) and Dallmeyer and Hibbard (1984) (open diamonds), Cawood and , and Cawood et al. (1994) (open circles). Nominal closure temperature ranges from Heaman and Parrish (1991) and Hanes (1991) . Cooling curves for the Fleur de Lys Supergroup (FdLS) from the western Baie Verte Peninsula (BVP) and Corner Brook Lake (CBL) area are shown for comparison. Broad arrow shows probable cooling path for Ming's Bight Group and adjacent units; heavy lines bounding this arrow join samples from similar structural levels in the Big Brook (BBSZ) and Grand Toss Cove (GTCSZ; HW p hangingwall; FW p footwall) shear zones; dotted line joins titanite and hornblende data from the Dunamagon Granite. See text for discussion.
hornblende age from the dike as the time of cooling from the 386-Ma metamorphic peak (ca. 600Њ-650ЊC; McDonald 1993) recorded by the titanite. Data from these samples define the hightemperature part of a cooling curve for this area (dashed line, fig. 11 ).
Four samples from Ming's Bight Group schist in the footwall of the Big Brook Shear Zone ( fig. 6 ) record analytically indistinguishable muscovite ages of 361-364 Ma, regardless of textural or mineralogical association. This suggests that these ages date the time of cooling through ca. 350ЊC (e.g., Hanes 1991) . Hornblende (93-29H, 380 Ma) and muscovite (94-5M, 361 Ma) from within the Big Brook Shear Zone define a cooling path segment with an average cooling rate of ca. 9ЊC/m.yr. When combined with data from the Dunamagon Granite, the overall cooling rate for the vicinity of the Big Brook Shear Zone is ca. 11ЊC/m.yr.
Pegmatites.
Muscovite dates from pegmatites range from 363 to 356 Ma, and microlite from pegmatite at Pelee Point yielded a U-Pb age of 355 Ma. The pegmatite dikes truncate D 2 folds (e.g., fig. 9b ), and their orientations and microtextural evidence for localized high-temperature recrystallization suggest that they were intruded before D 3 , that is, before ca. 380 Ma. If so, the dates must be cooling ages, and the muscovite data provide no constraint on the time of pegmatite intrusion except that it must have predated 363 Ma, the oldest age obtained from these rocks.
Cooling History. A temperature-time curve for the Ming's Bight area has been constructed from hornblende and muscovite ages and nominal closure temperature ranges ( fig. 11 ). Although the oldest of these ages come from the Grand Toss Cove Shear Zone and the youngest come from the Big Brook Shear Zone, there is considerable overlap in data from the two areas, which are therefore considered together. Footwall cooling rates of 9Њ-11ЊC/ m.yr. are inferred for the temperature range 600Њ-350ЊC, with slower cooling below 350ЊC indicated by biotite ages from Dallmeyer and Hibbard (1984) . Tectonic exhumation by thrusting or extension leads to rapid cooling that normally postdates most of the deformation responsible for the unroofing (e.g., Jamieson et al. 1998; Ring et al. 1999) . We attribute the relatively rapid cooling of the Ming's Bight Group and adjacent rocks after ca. 390 Ma to the effects of Devonian tectonic exhumation along D 2 -D 3 extensional shear zones that were active at 405-385 Ma. Flat-lying Late Devonian to Early Carboniferous sedimentary deposits unconformably overlying Ordovician-Silurian rocks to the north and south of the study area (Haworth et al. 1976; Hibbard 1983) indicate that the present surface was largely exposed by the end of the Devonian. Slower cooling between 360 and 340 Ma ( fig. 11 ) presumably reflects relaxation of perturbed near-surface isotherms following extension.
The thermal history inferred for the Ming's Bight Group east of the Baie Verte Line differs dramatically from that recorded in Fleur de Lys Supergroup rocks west of the Baie Verte Line ( fig. 11 ) even though the two units are generally considered correlative. Data from both the Corner Brook Lake area to the south (Cawood et al. 1994;  fig. 1 ) and the Baie Verte Peninsula west of the present study area (Dallmeyer 1977; Cawood and Dunning 1993) indicate that the Fleur de Lys Supergroup cooled at rates of 20Њ-30ЊC/m.yr. following peak metamorphism at 430-425 Ma (fig. 11 ). Rapid Silurian cool- ing west of the Baie Verte Line cannot be related to the episode of Devonian extension recorded in the Ming's Bight area, and it is equally unlikely that it reflects postorogenic erosion; cooling must have resulted from tectonic exhumation along structures that were active at or shortly before ca. 430 Ma.
Cooling of the Fleur de Lys Supergroup has been attributed to extensional unroofing immediately following Silurian peak metamorphism (e.g., Cawood et al. 1995; Tremblay et al. 1997) . Normal faults associated with Silurian volcanic-plutonic complexes on the eastern Baie Verte Peninsula  fig. 1 ) have been attributed to Silurian regional extension; however, direct evidence for early Silurian extensional shear zones associated with the Fleur de Lys Supergroup is lacking. Alternatively, rapid cooling could have resulted from thrusting accompanied by synorogenic erosion. Syn-to postmetamorphic thrusts (ca. 434 Ma) are well documented in the Corner Brook Lake area (Cawood et al. 1994 (Cawood et al. , 1996 . On the Baie Verte Peninsula, Silurian sinistral-reverse shear zones cut the Point Rousse Ophiolite Complex (Ramezani 1992) , and evidence for Silurian shortening has been documented in the Flat Water Pond Group (Bé langer et al. 1996;  fig. 1 ). In the absence of clear evidence for Silurian extensional unroofing west of the Baie Verte Line, it seems more likely that rapid cooling of the Fleur de Lys Supergroup was related to thrusting and synorogenic erosion.
Regional Tectonic Implications
Mid-Paleozoic Tectonic Evolution of the Baie Verte
Peninsula. Silurian sinistral transpression in the northern Appalachians was followed in many places by dextral transcurrent shear, with a transition from dextral transpression in Early to Middle Devonian time to dextral transtension in Middle Devonian time (e.g., Malo et al. 1992; O'Brien et al. 1993; Hibbard 1994; Lin 1995; Malo and Kirkwood 1995; van Staal and de Roo 1995; Dubé et al. 1996) . A similar transition from Silurian sinistral transpression to Devonian dextral transtension affected the Baie Verte Peninsula. Structures compatible with Silurian sinistral oblique-reverse shear have been documented along the Baie Verte Line (e.g., Hibbard 1983 Hibbard , 1994 Piasecki 1988; Goodwin and Williams 1990) , within the Point Rousse Ophiolite Complex (e.g., Kirkwood and Dubé 1992; Ramezani 1992; Dubé et al. 1993) , and in the Flat Water Pond Group (Bé langer et al. 1996) . Evidence for dextral transcurrent to transpressional defor-mation of probable Devonian age has been reported from the Baie Verte Line (e.g., Piasecki 1988 Piasecki , 1995 Goodwin and Williams 1990; Piasecki et al. 1990), Marble Cove Slide (fig. 12; Goodwin and Williams 1996) , and the east side of Ming's Bight . The structural and 40 Ar/ 39 Ar data presented here indicate that dextral oblique-normal shear zones were active east of the Baie Verte Line at 405-385 Ma.
Although the complex orogen-scale kinematic history presumably resulted from orogen-scale plate boundary processes (e.g., van Staal et al. 1998) , some local structural complexity may reflect deformation partitioning around the Burlington Granodiorite (figs. 2, 12; ). During regional northwest-southeast shortening (e.g., Bélanger et al. 1996) , perturbation of regional sinistral transcurrent flow around the batholith should have formed a transpressional restraining bend (e.g., Vilotte et al. 1984) , leading to sinistral oblique-reverse slip within the Point Rousse Ophiolite Complex. This could also account for northeastward displacement of ophiolitic rocks marking the Baie Verte Line, consistent with potential field data suggesting that the Baie Verte Line passes through the Point Rousse Ophiolite Complex (Miller and Wiseman 1994) rather than through Pacquet Harbour as proposed by Hibbard (1982;  "Baie Verte Flexure"; fig.  1 ). We speculate that east-vergent thrusting associated with Silurian transpression contributed to both exhumation of the Fleur de Lys Supergroup and burial of the Ming's Bight Group .
In mid-Devonian time, dextral transcurrent shear along the Baie Verte Line is interpreted to have reactivated the Silurian transpressional restraining bend as a releasing bend , resulting in localized extensional strain in the immediate footwall of the releasing bend north and east of the Burlington Granodiorite (fig.  12 ). The Ming's Bight Group, Dunamagon Granite, and Pacquet Harbour Group, buried during Silurian transpression, were exhumed along mid-Devonian normal faults. According to this hypothesis, the position of the Ming's Bight Group east of the Baie Verte Line is due to its fortuitous exposure during Devonian extension. Other Laurentian margin rocks are presumably present beneath Dunnage Zone allochthons elsewhere in west-central Newfoundland (e.g., Quinlan et al. 1992; Waldron et al. 1998) .
Although Devonian-Carboniferous 40 Ar/ 39 Ar ages from the Ming's Bight area have been attributed to a distinct episode of Acadian shortening (Hibbard 1983; Dallmeyer and Hibbard 1984; Tremblay et al. 1997) , this study shows that they record cooling following Devonian extension. Older ages to the south (e.g., Dallmeyer and Hibbard 1984) are from rocks that lie structurally above the normal faults responsible for the unroofing and therefore escaped mid-Devonian ductile recrystallization and associated thermal effects. We have found no regionally developed contractional structures that could account for the cooling ages obtained in this study.
Is the Ming's Bight Group a Core Complex? The Ming's Bight Group is a dome-shaped area of intensely deformed, amphibolite facies metamorphic rocks separated from relatively less deformed, lower-grade rocks along two broadly contemporaneous normal-sense shear zones that coincide with gradients in extensional strain and metamorphic grade (figs. 2, 12). To the northwest, the Grand Toss Cove (D 2 ) and Northern Ming's Tickle (D 3 ) shear zones are kinematically compatible with northsouth subhorizontal extension. To the southeast, the geometries and kinematics of the Woodstock (D 2 ) and Big Brook (D 3 ) shear zones are compatible with northwest-southeast subhorizontal extension. These relationships suggest that extensional strain was accommodated along symmetrically opposed shear zones (figs. 2, 12) that were coeval with exhumation and cooling of the Ming's Bight Group. Between the southeast-dipping structures north of Pacquet Harbour and northwest-dipping structures east of Ming's Bight is a region dominated by shallow S 2 foliations (fig. 2 ). This fabric is axial planar to tight to isoclinal, recumbent folds that are cut by northeast-and southwest-striking, steep pegmatite dikes. Pegmatites at Cape Corbin, and Ming's Bight Group schist at one inland location, exhibit chocolate-tablet boudinage in the plane of the subhorizontal fabric. These structures are consistent with coaxial subvertical shortening and suggest that Cape Corbin and the area to the southwest (fig. 2 ) lie along the axis of extension in the Ming's Bight Group. Based on these observations, we interpret the Ming's Bight Group as a symmetrical core complex (e.g., Hetzel et al. 1995) .
Extensional Collapse in the Northern Appalachians?
A number of authors have suggested that "extensional collapse" affected the northern Appalachians in mid-Paleozoic time (e.g., Cawood et al. 1995; van Staal and de Roo 1995; Lynch 1996; O'Brien 1998) . This term has been used to describe a variety of orogenic and postorogenic processes (e.g., Dewey 1988) but now generally implies a relatively shortlived episode of crustal extension temporally and spatially associated with, and by inference genetically related to, orogenic convergence and crustal thickening (e.g., Rey et al. 2000) . Although synorogenic extension does not require the existence of thick crust and crustal thickening does not inevitably lead to extension (e.g., Marotta et al. 1999; Willett 1999) , extensional collapse is often equated with the existence of thick and/or weak orogenic crust (Rey et al. 2000) .
The most compelling evidence for significant extension in the northern Appalachians is the map pattern of central Newfoundland , where low-grade early Paleozoic volcanic and sedimentary rocks of the Dunnage Zone are widely preserved and commonly juxtaposed against underlying higher-grade metamorphic rocks over short distances. The relatively thin crust under the Newfoundland Appalachians (e.g., Stockmal et al. 1990; Quinlan et al. 1992 ) is also consistent with extension, but it is not clear whether this was related to late Paleozoic Appalachian tectonism or to Mesozoic opening of the Atlantic Ocean. In addition, normal faults of inferred Silurian age have been reported from the Humber Zone (Waldron and Milne 1991) and both the Notre Dame (Lafrance and Williams 1992; Tremblay et al. 1997) and Exploits (O'Brien 1998) subzones of the Dunnage Zone. Silurian magmatism in central Newfoundland (e.g., Dunning et al. 1990 ), rapid cooling of metamorphic rocks in the Humber Zone of Newfoundland (e.g., Cawood et al. 1994 Cawood et al. , 1995 and Québec (Castonguay et al. 1997) , and exhumation of Silurian blueschist in north-central New Brunswick (e.g., de Roo and have also been attributed to Silurian extension. In the Mount Cormack area of central Newfoundland, normal faults of unknown age separate ophiolites from underlying Ordovician metamorphic rocks . Devonian normal faults have been documented from the Gaspé Peninsula (Malo and Kirkwood 1995) and western Cape Breton Island (Lynch 1996) , and regional extension related to the formation of the Maritimes Basin was underway by mid-to Late Devonian time (e.g., Dunning et al. 1997; Calder 1998) .
Proposed mechanisms for mid-Paleozoic extension include delamination and/or convective removal of suborogenic lithosphere following Silurian (Cawood et al. 1995) or Devonian (Lynch 1996) crustal thickening, subduction retreat and/or slab breakoff associated with multiple short-lived arc accretion events (van Staal and de Roo 1995) , or variations in the local kinematic framework associated with oblique convergence at an irregular margin Calder 1998) . The documented normal faults range from Early Silurian to Carboniferous. Exhumed footwall metamorphic rocks range from Ordovician to Devonian, and this study has demonstrated that cooling histories for correlative units can vary dramatically over short distances (fig. 11 ). The existence of thick orogenic crust in the northern Appalachians at any one time has also been questioned on stratigraphic and structural grounds (e.g., Lin and van Staal 1997; Waldron et al. 1998) . Synorogenic normal faults in the northern Appalachians therefore do not record a shortlived episode of extension related to thick orogenic crust. It seems more likely that the extension resulted from variations in boundary forces resulting from multiple short-lived arc accretion events (e.g., van Staal and de Roo 1995; van Staal et al. 1998) or diachronous oblique convergence along an irregular plate boundary (e.g., Stockmal et al. 1987; Lin et al. 1994 ; van Staal et al. 1998) . Either mechanism, or a combination of both, could account for the multiple, local, short-lived, transtensional and transpressional kinematic regimes that are characteristic of mid-Paleozoic deformation in this region. However, neither process is consistent with what is normally termed "extensional collapse." We recommend that this term be avoided with reference to the mid-Paleozoic tectonics of the northern Appalachians.
Conclusions
1. The Ming's Bight Group is separated from overlying ophiolitic and granitoid rocks by ductile and brittle-ductile shear zones. Evidence for early sinistral-reverse movement is locally preserved, but the dominant structures record two stages of dextral oblique-normal displacement.
2. 40 Ar/ 39 Ar data from hornblende and muscovite, and U-Pb data from titanite and rutile, record mid-Devonian to Early Carboniferous growth and cooling ages. Combined with field and microstructural evidence, these data indicate that early dextral oblique-normal ductile shear at 405-385 Ma was followed by protracted brittle-ductile normal faulting.
3. Extension in the Ming's Bight area was linked to dextral oblique transcurrent movement along the Baie Verte Line. The anomalous position of the Ming's Bight Group east of the Baie Verte Line is attributed to exhumation within a local transtensional regime.
4. We conclude that the Ming's Bight Group is a mid-Devonian symmetrical core complex. However, the timing and tectonic setting of extension do not support recent models for "extensional collapse" in the northern Appalachians. 
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